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REACTIONS OF COAL AND RElATED MATERIALS I N  MICRWAVE DISCHARGES I N  H 2 ,  H20 AND A r  

1 ,  
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4800 Forbes Avenue, P i t t sburgh ,  Pennsylvania 15213 

INTRODUCTION I 

Recent inves t iga t ions  on the reac t ion  of carbon i n  a high frequency discharge have 
shown t h a t  i t  produces methane, ace ty lene  and minor amounts of o t h e r  hydrocarbons 
i n  the  hydrogen d ischar  e,=/ but produces pr imar i ly  an H2-CO mixture downstream 

non-exis tent  except t h a t  c a r r i e d  out  by Letor t  e t  a1.4/  and by Pinchin.'/ Though 
some work on coa l  i n  a plasma j e r 6 - 9 1  has been repor ted ,  the  c h a r a c t e r i s t i c  of 
those reac t ions  i s  genera l ly  the thermal decomposition of coa l  by rap id  hea t ing  
t o  high temperatures i n  an i n e r t  atmosphere. 

In  a microwave-generated d ischarge ,  hydrogen o r  water vapor can be exc i ted  or 
d i s s o c i a t e d  i n t o  atoms, ions and e l e c t r o n s  a t  temperatures much lower than those 
a t t a i n e d  i n  a p l a s m  j e t .  The present  s tudy i s  concerned with the  r e a c t i o n s  of 
var ious  c o a l s ,  a polynuclear hydrocarbon, and g r a p h i t e ,  in microwave discharges 
i n  H 2 ,  water vapor and A r .  The r e su l t s  a r e  compared in terms of the  product y i e l d  
and d i s t r i b u t i o n  i n  each type of d i scharge .  
r e a c t i o n s  of the  var ious  c o a l s  and t h e  o t h e r  m a t e r i a l s  suggest  t h a t  t h e  amount and 

from a water discharge.-/ 9 Simi lar  vork with respec t  t o  c o a l ,  however, is almost 

Differences observed between the 

type of v o l a t i l e  material, carbon content ,  and the  type of t h e  carbonaceous material, 
as wel l  as the type of the  gas  d ischarge ,  a r e  a l l  f a c t o r s  a f f e c t i n g  t h e  product y i e l d  
and d i s t r i b u t i o n .  The d i f f e r e n c e  between c o a l  and g r a p h i t e  i n  t h e i r  behavior toward - .  
water vapor i n  t h e  microwave discharge is of p a r t i c u l a r  i n t e r e s t .  
d i scharge ,  the graphi te  y i e l d s  almost no hydrocarbons but  only an H2 + CO mixture 
while  the  coal  y i e l d s  appreciable  amounts of C2H2 and CH4 i n  a d d i t i o n  t o  H2 + CO. 
Experiments using DzO and Ar.discharges , ind ica te  t h a t  t h e  D20 and the  water  a c t u a l l y  
do p a r t i c i p a t e  in the  r e a c t i o n s  with c o a l  t o  form hydrocarbons. It is a l s o  demon- 
s t r a t e d  t h a t  the C2H2 y i e l d  from c o a l  i n  the  hydrogen d ischarge  can be d r a s t i c a l l y  
increased by condensing a t  a low temperature p a r t  of t h e  primary products formed 
during the  discharge r e a c t i o n .  

In  t h e  water 
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EXPERIMENTAL 
The experiments were c a r r i e d  out  i n  a static system 4 t h  the d ischarge  produced by 
a Raytheon microwave genera tor  i n  the  a i r -cooled  Ophthos c o a x i a l  c a v i t y  a t  2450Mcl 
sec. Chemical ana lyses  and origins of t h e  vi t ra ins  of t h e  d i f f e r e n t  c o a l s  used a r e  
given i n  t a b l e  1. 
g r a p h i t e  powder (325 mesh, United Carbon) and chrysene (c18H12) were used f o r  
comparison. 
u s e d .  
t r a p  p r i o r  t o  s torage .  
i n  high vacuum. 

A l l  the  v i t r a i n s  were -200 mesh. Ultra p u r i t y  spectroscopic  

As r e a c t a n t  gases ,  a 9.7:1 H2-Ar mixture, H20-Ar mixtures  and A r  were 

The uater vapor was obtained from d i s t i l l e d  water  degassed 
The H2 and A t  were obtained from c y l i n d e r s  and passed through a l i q u i d  N2 

I n  the  experimental procedure, a knom weight of g r a p h i t e  o r  coa l  powder was placed 
i n  a c y l i n d r i c a l  Vycor tube ( I D  - 11 m, vol  - 32 ml) and degassed in a high vacuum 
a t  an e leva ted  temperature-(150°C f o r  graphi te  and 100°C f o r  c o a l )  for a h a l f  t o  
one hour t o  remwe the  moisture and the a i r  adsorbed on t h e  carbon. ' A  known 
pressure of the r e a c t a n t  gas o r  gas  mixture measured by a Pace Engineering pressure 
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t ransducer  vas then introduced i n t o  the r e a c t o r  tube. For the  H20-Ar mixture, a 
known pressure of  t h e  water vapor was f i rs t  introduced t o  the r e a c t o r  containing 
t h e  degassed carbon, and then a known pressure of the  argon was introduced while  
t h e  water was condensed in the  end of the  tube by dry  i c e  and acetone. The port ion 
of the tube cooled by t h e  dry i c e  was so small compared t o  the  t o t a l  volume t h a t  no 
corr=ctim CI? p r e e e ~ r e  reeding s p p ~ ~ r !  t o  he necensary. The dinrhnrgc wan then 

produced with the carbon in the  discharge zone. The gaseous products were analyzed 
by -8s spectrometer .  

'Lhe s o l i d  product obtained from the  high v o l a t i l e  bituminous coal in t h e  H 2  discharge 
w a s  analyzed by i n f r a r e d  spectrometer .  
t h e  r e a c t o r  wall o r  by so lvent  (benzene or acetone)  e x t r a c t i o n .  In some ins tances ,  a 
r e a c t o r  c o n s i s t i n g  of a tube divided by a f r i t t e d  Vycor d i s c  was used. 
placed on the  d i s c  and KBr powder was introduced on the  o t h e r  s i d e  of t h e  d i s c .  
During t h e  discharge,  t h e  lovcr  end of t h e  tube was immersed in l i q u i d  N2, thus  
permi t t ing  the condensable low v o l a t i l e  products  to  pass through the d i s c  end be 
adsorbed on the sur face  of the  K B r  powder. This was l a t e r  removed, pressed i n t o  
a p e l l e t ,  and examined by i n f r a r e d  a n a l y s i s .  

1 

The sample was obtained e i t h e r  by scraping 

The coal vas 

TABU 1. - Analysis of v i t r a i n r  (moisture f r e e  b a s i s ,  percent)  

0 Vola t i  l e  I\ 

C H N S (by d i f f . )  m t t e r  

A n t h r a c i t d l  91.06 2.49 0.96 0.83 2.89 1.77 6.1 
Low v o l a t i l e  

1.53 20.2 9 pninou&l 89.57 4.67 1.25 .81 2.17 

4 . ,,&k~$~IA 81.77 5.56 1.71 .97 5.87 2.06 39.2 
.. -5/ Ligni te21 66.45 5.40 .31 1.40 22.84 3.06 44.0 

Dotrance n i n e ,  &high Valley C o a l  Co. ,  Luzerne County, Pennsylvania. 
Pocahontar lo. 3 Bed, Buckeye No. 3 Mine, Page Coal and Coke Co., 
Stephenson, Wyoming County, West Virginia.. 
Bruceton, P i t t sburgh  Bed, Allegheny County, Pennsylvania. 
Beulah-Zap Bed, North Uni t ,  Bculah Mine, Knife l i v e r  C o a l  U b i -  Co., 
Beulah, Mercer County, North Dakota. 

2/ 
3/ 
4' 

RESULTS AND DISCUSSIOH 

A l l  resu l t .  were obtained from experiments using 5 mg of the  carbonaceour arterial 
in each d ischarge  a t  35 watts of power input .  For consis tency,  an i n i t i a l  t o t a l  
pressure of about 25 UD y1s used for most runs, but  in  the runs with H20 vapor i t  
tar v a r i e d  i n  the range of 12 t o  25 m. 
intended t o  be 60 seconds i n  mort NIIl, but  the d i r c h r g e  would 80t r u s t a i o  i t r e l f  
in s o y  runs. It i r  rurpected that the  r o l i d  product (probably polymuclur  hydro- 
carbons)  formed u y  teed t o  draw away the electroar i n  the d i rcharge  to form negative 
ions and c r e a t e  a rhor tage  of e n e r g e t i c  species in  the gas  phase. &never, under the  
experimental  condition. crployed,  a l a r g e  part of the reaction occurred wi th in  30-60 
seconds, and p r o l a g e d  t reatment  r e s u l t e d  . p l y  i n  IQY c h n g e  in the product d i r t r i -  
bu t ion  and a l i t t l e  lacreare i n  t h e  e x t e n t  of t h e  g a r i f i c a t i o n .  A few rum were 
u d e  f o r  ar long .E 3 r i n u t e s .  

The time of the discharge reac t ion  -8 

Hydrogen-Argon and Argon D i r c h r g e s  
I n  p r e l i r i n a r y  runr  with g r a p h i t e  i n  a n  82 d i r c h r g e ,  we attempted t o  i n t e r p r e t  
the d a t a  on the  bar is  of the hydrogen balance before  and a f t e r  reaction. It 
appear., horcver ,  t h a t  apprec iab le  
f o t r a t i o n  of r o l i d  product or were 

w n t r  of hydrogen were consumed i n  the 
taken up by t h e  carbon. Therefore, t o  al lov 
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i n t e r p r e t a t i o n  of the d a t a ,  A r  was introduced i n t o  the  r e a c t a n t  gas  a s  an i n t e r n a l  
s tandard .  
type o r  d i s t r i b u t i o n .  

Table 2 summarizes the r e s u l t s  obtained from t h e  reac t ions  of each mater ia l  i n  
microwave discharges i n  an H2-Ar (9 .7 : l )  mixture and i n  A r .  
c o a l  i s  p a r t i a l l y  g a s i f i e d  t o  g ive  H q ,  CO, and C2H2 a s  the major gaseous products ,  
CQ2, CHq, and minor amounts of o t h e r  hydrocarbons (C2 and C3 hydrocarbons. 
b iace ty lene  and benzene were d e t e c t e d ) ,  in  a d d i t i o n  t o  a s o l i d  p r o d k t  and r e s i d u a l  
c h a r .  
increased as compared with the A r  d ischarge;  the  t o t a l  amount of carbon g a s i f i e d  is 
a l s o  increased.  In t h i s  d i scharge ,  C2H2, CO, and CH4 a r e  t h e  main c o n s t i t u e n t s  of 
the gaseous product, and minor amounts of o ther  hydrocarbons a r e  a l s o  formed as i n  
the  A r  d ischarge.  Comparison of the  severa l  60-second runs ind ica ted  t h a t  t h e  n e t  
amount of hydrogen remaining a f t e r  the  reac t ion  was decreased,  except  f o r  high 
v o l a t i l e  bituminous c o a l  and l i g n i t e .  Besides t h a t  converted t o  hydrocarbons, p a r t  
of the  hydrogen was probably consumed i n  the formation of s o l i d  product or  was 
taken up by the coa l  res idue .  With high v o l a t i l e  bituminous coa l  and l i g n i t e ,  
g a s i f i c a t i o n  was ex tens ive  and r e s u l t e d  in  a n e t  increase  of hydrogen. 

The percent  of carbon converted t o  gaseous hydrocarbons increases  with the v o l a t i l e  
m a t t e r  of coa l  as shorn i n  f i g u r e  1, suggest ing t h a t  a rap id  r e l e a s e  of the v o l a t i l e  
matter and i ts  subsequent gas phase reac t ion  i n  a discharge may be the  determining 
f a c t o r s .  Figure 1 includes the d a t a  f o r  g r a p h i t e .  L i g n i t e ,  with the  h ighes t  
v o l a t i l e  matter, however, gave only small amounts of hydrocarbons i n  both d ischarges .  
The high oxygen content  of the l i g n i t e  r e s u l t s  i n  h igher  y i e l d s  of carbon oxides  and 
water but apparent ly  i n h i b i t s  hydrocarbon formation. Water vapor ,  i n  a discharge,  
can reverse  the reac t ions  of hydrocarbon f o m t i o n  by r e a c t i n g  with the  hydrocarbon 
s p e c i e s  t o  form carbon oxides  and hydrogen.- 

The presence of A r  in the  system gives  no not iceable  e f f e c t  on product 

I n  t h e  A r  d ischarge,  

In the  H2-Ar d i scharge ,  the  percent  of carbon forming gaseous hydrocarbons is 

Chrysene did not  behave p a r t i c u l a r l y  d i f f e r e n t  from c o a l  i n  both discharges;  t h e  
e x t e n t  of g a s i f i c a t i o n  was appreciably small, approximately t h e  same as t h a t  f o r  
a n t h r a c i t e .  I n t e r e s t i n g l y ,  the carbon contents  of the  chrysene and t h e  a n t h r a c i t e  
a r e  a l s o  c l o s e  t o  each o ther  and a r e  much h igher  than the  o t h e r  c o a l s .  

For c o a l  i n  genera l ,  the  higher  the  carbon content  the  lower t h e  v o l a t i l e  mat te r .  
The e x t e n t  of the r e a c t i o n  of g r a p h i t e  with H2 was very much smaller under 
comparable condi t ions ,  probably due t o  the absence of v o l a t i l e  matter. The main 
products  from g r a p h i t e  were C% and C2H2; however, the  hydrogen balance Indica ted ,  
f o r  example, t h a t  with an i n i t i a l  p ressure  of t h e  H2-Ar mixture of  25 m Hg, the  
percentage of the i n i t i a l  hydrogen present  in each component of t h e  product is H2, 
7 7 . 6 ;  CH4, 9.2; C2H2, 3.3; C2 + C3 hydrocarbons, 1 .6;  and t h e  remainder (8.3%) was 
apparent ly  consumed i n  the formation of polymer or was taken up by the  g r a p h i t e . 2 1  

I t  is  i n t e r e s t i n g  t o  note  t h a t  C2H2 accounted f o r  75-92% of the  gaseous hydro- 
carbons produced from coal  i n  both d ischarges .  
of coal  usua l ly  g ives  CHq as the  major hydrocarbons. 
a microwave hydrogen discharge system, t r a n s p o r t  of carbon from t h e  s o l i d  t o  the  
vapor phase takes  p lace  by bombardment of the  carbon by e n e r g e t i c  ions  and e l e c t r o n s ,  
and that  the ’pr”seous carbon spec ies  could react w i t h  H atoms or CH spec ies  t o  form 
hydrocarbons . 2 1  
c o a l  except  t h a t  H and CH spec ies  would a l s o  be evolved from the coal i n  a d d i t i o n  
t o  gaseous carbon spec ies ,  even i n  the  absence of  an i n i t i a l  hydrogen. 
predominance of C2R2, however, is  a l s o  observed i n  r a p i d  hea t ing  of c o a l  by var ious  
high temperature methods such a s  plasma je t ,=/  laser be&/ and f l a s h  h e a t i n g . E f  
etc. A cornpariron of our experimental r e s u l t s  with those obtained v l t h  an A r  plasma 
j e t  by Bond e t  a l . l /  i n d i c a t e s  t h a t  the percentage of carbon converted t o  C2H2 In 
our  system is somewhat lower, but  the  e f f e c t  of v o l a t i l e  mat te r  on the  hydrocarbon 

Hydrogasif icat ion or carboniza t ion  
It has been suggested t h a t ,  in 

A s f m i l a r  mechanism appears co apply t o  t h e  system containing 

The 

4 
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I y i e l d  is  q u i t e  similar.  
bituminous c o a l  (VM 5 39.2%) i n  t ab le  2 i s  9.2% i n  the  H2-Ar d i scharge  as compared 
t o  12.5'1. i n  the  A r  plasma f o r  a c o a l  of similar v o l a t i l e  matter conten t .  

The conversion of  carbon t o  C2H2 f o r  the high v o l a t i l e  

TABLE 2. - Reactions of c o a l  and r e l a t e d  ma te r i a l s  
i n  microwave d ischarges  of H? and A r  1 

Percent of c present a s  ,/ Pressure ,  
m Time,  Yield x l o4 ,  mole/g of s o l i d  Gasebus Gaseous 

U a t e r i a l  H,, A r  sec  H? clll C2H2 CO CO? products hydrocarbons 

hvab 22.7 2.3 60  63.9 4.7 31.1 21.1 
22.7 2 .3  60 53.6 10.2 28.6 20.2 
23.4 2.4 60  12.5 4.5 27.0 23.6 
22.8 2.4 90  11  3,9 29.8 22.2 
21.8 2.3 105 L/ 4 .8  21.0 ' 16.9 
21.9 2 .3  110 1 1  3.6 20.0 16.0 
- 25.7 1 7  3.3 .1 1.2 7 . 1  
- 24.0 60 56.4 .9 13.4 23.0 
- 23.6 180 44.0 1.1 16.5 22.6 

lvb  23.8 2.5 34 1/ 4 . 1  15.5 7 .3  
21.6 2.2 60  1/ 3 .8  17.5 8.1 - 23.5 60 15.3 .3 3.6 7.7 

L ign i t e  21.6 2.2 60 25.4 2.1 9.3 66.2 
22.6 2.3 180 22.9 2.1 7.7 80.3 
20.7 2.1 180 26.0 2.1 7 .3  69.2 
- 24.7 32 50.4 .7 6.9 61.7 
- 23.0 6 0  18.4 .6 5.0 68.4 

An th rac i t e  21.6 2.2 60 11 4.2 8.3 4.0 
22.6 2.4 60 11 4.6 9.6 3.0 - 24.0 60 .3 t r a c e  t r a c e  2.0 

Chrysene 22.7 2.4 10 11 6.5 12.8 2.0 
20.0 2 . 0  30  11 10.4 5.8 t r a c e  - 22.0 30  l z .6  .8 2.6 t r a c e  

Graphite 22.4 2.3 60  11 3.5 2.5 t r a c e  
22.6 2.4 60  11 3.4 1.8 trace 

11 Net decrease of hydrogen was indica ted .  
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3 

Sol id  Product I 

The s o l i d  product ob ta ined  from coa l  is brownish and is similar t o  t h a t  usua l ly  
observed from the  thermal treatment of c o a l .  Uo apprec iab le  amount of s o l i d  product 
was formed from a n t h r a c i t e  or from l i g n i t e .  Though the  ex ten t  of the gas i f i ca t ion  
f o r  the  chrysene was n o t  apprec i ab le ,  t h e  o r i g i n a l  white powder was instantaneously 

s p e c t r a  of the s o l i d  product and the  r e s i d u a l  char obtained from the h igh  v o l a t i l e  
bituminous coa l  i n  the  H2-Ar d ischarge  showed the  usua l  a l i p h a t i c  C-R bands and 
some weak aromatic bands which a r e  typ ica l  of p i t c h  and coal. 

converted t o  a broun s o l i d  upon the i n i t i a t i o n  of  both d ischarges .  The inf ra red  < 

* 7  
1 

i 
t 

E f f e c t  of Cooling by Liquid Nitrogen 
S ince  the ind ica t ions  are t h a t  the  wnter formed can r e t a r d  the hydrocarbon formation 
and t h a t  the hydrocarbons produced may undergo f u r t h e r  des t ruc t ive  r eac t ions ,  it can 
be expected t h a t  a r ap id  quenching of t he  primary products should g ive  a pronounced 
e f f e c t  on the r e s u l t .  Experiments were c a r r i e d  out  i n  a r e a c t o r  cons i s t ing  of the  
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tube divided by a f r i t t e d  Vycor d i s c .  
subjec ted  t o  r e a c t i o n  in the  H2 discharge while the lower end of t h e  tube was cooled 
in l i q u i d  N2. Though the process of condensing water and some hydrocarbons a t  t h i s  
temperature is d i f f u s i o n  c o n t r o l l e d ,  the e f f e c t  is pronounced, a's shown in t a b l e  3. 
For both the bituminous c o a l  and the l i g n i t e ,  the y i e l d  of the  hydrocarbons, CqH2 
in p a r t i c u l a r ,  was g r e a t l y  increased .  The amount of Hg remaining and the  amount of 
CO produced a f t e r  the  r e a c t i o n  were a l s o  decreased. 
hydrocarbon y i e l d  can be a t t r i b u t e d  mainly t o  subsequent hydrocarbon formation by 
r e a c t i o n  of H2 and co; t h i s  hydrocarbon y i e l d  is g r e a t l y  enhanced b$ rap id  removal 
of  H 2 0  formed. 

The coa l  was placed on the d i s c ,  and was  

Therefore ,  the  increase  of 

Water-Argon Discharge 

There is a marked d i f f e r e n c e  between the  products obtained from g r a p h i t e  and coa l  in 
a water discharge.  In t h e  discharge i n  H20-Ar  mixtures ,  a s  shown i n  t a b l e  4 ,  g raphi te  
y i e l d s  hydrogen and CO but  p r a c t i c a l l y  no hydrocarbons; while the c o a l s  y i e l d  an 
apprec iab le  amount of CZHZ and some CH4 in a d d i t i o n  t o  H2 and CO. The amounts of 
H q  and carbon oxides produced in the  r e a c t i o n  with g r a p h i t e  rere s to ich iometr ic .  
The e x t e n t  of g a s i f i c a t i o n  was a l s o  rpuch g r e a t e r  f o r  the c o a l s  than f o r  the  graphi te .  
The a c t i v e  hydrogen s p e c i e s  produced in the  water discharge did n o t  r e a c t  f u r t h e r  
with the  g r a p h i t e  or the  CO formed from i t  t o  produce s i g n i f i c a n t  amounts of hydro- 
carbons.  This is  f u r t h e r  evidence demonstrating t h a t  the presence of water vapor 
r e t a r d s  hydrocarbon formation. 

For  the  reac t ion  of a given c o a l  i n  aR2aAr d ischarge ,  an i n i t i a l  H 2 0  pressure of 
less than 12 mm Hg appears  t o  g ive  t h e  optimum g a s i f i c a t i o n  end hydrocarbon 
product ion.  Higher i n i t i a l  H20 pressures  cause a decrease i n  both g a s i f i c a t i o n  
and hydrocarbon product ion.  So long as the H 2 0  pressure is not a t  i t s  h ighes t  
v a l u e s ,  more hydrocarbons a r e  formed than i n  the  A r  d ischarge.  (Also, with the 
h igher  i n i t i a l  H f l  pressures ,  the  discharge could not  be i n i t i a t e d  r e a d i l y  and 
would not  s u s t a i n  i t s e l f  f o r  as long as 60 seconds, perhaps due t o  too la rge  an 
increase  in the  t o t a l  gas pressure in the  r e a c t o r . )  The d a t a  seem t o  ind ica te  
t h a t  60 seconds may have been too long a period f o r  the  maximum product ion of 
hydrocarbons. The formation of the  hydrocarbons should be a maximum a t  the  t i m e  
when a p la teau  of the e x t e n t  of coal  g a s i f i c a t i o n  is a t t a i n e d ,  and prolonged 
t reatment  probably a l lows  t h e  remaining H20 vapor t o  d i f f u s e  i n t o  t h e  discharge 
zone, g iv ing  an adverse e f f e c t .  It w a s  a l s o  not iced  t h a t ,  a t  an i n i t i a l  H 2 0  
pressure  of less than 1 2  mm, the  hydrogen content  of the  products exceeded t h a t  
which could possibly be der ived  from the  s to ich iometr ic  amount of t h e  H20 
i n i t i a l l y  present .  

These r e s u l t s  seem t o  i n d i c a t e  the  following. The a c t i v e  hydrogen spec ies  formed 
in the  Hq0 discharge p a r t i c i p a t e  in t h e  r e a c t i o n s  which lead t o  the  formation of 
hydrocarbons from (some o f )  the  s p e c i e s  der ived from the  c o a l .  This occurs 
d e s p i t e  the r e t a r d i n g  e f f e c t  of H 2 0  on hydrocarbon formetion. (If t h e  H 2 0  
pressure  is too h igh ,  t h i s  lat ter e f f e c t  decreases the hydrocarbon y ie ld . )  
Presumebly, the  c o a l s  when g a s i f i e d  supply enough C B  spec ies  t o  a l l o w  hydro- 
carbons t o  be formed,even though the a c t i v e  oxygen spec ies  present  react with 
some of  the gaseous carbon and CH s p e c i e s .  On the  o ther  hand, g r a p h i t e  produces 
n e g l i g i b l e  amounts of CH s p e c i e s  in a H20-Ar  d i scharge ,  and t h e r e f o r e  cannot 
produce hydrocarbons s ince  t h e  r e a c t i o n  of the CO formed with the a c t i v e  hydrogen 
spec ies  i s  re ta rded  by the  H 2 0  present .  

L i g n i t e ,  with its high v o l a t i l e  matter conten t ,  was extens ive ly  g a s i f i e d  but gave 
a r e l a t i v e l y  low hydrocarbon y i e l d ,  presumably due t o  the  i n h i b i t i o n  by i t s  high 
oxygen content .  For  l i g n i t e ,  t h e  production of COq was a l s o  h igher  in the  R20-Ar 
d i scharge  than in t h e  Hq-Ar or A r  discharge.  Again, the  e x t e n t  of g a s i f i c a t i o n  
for chrysene was r a t h e r  small. 
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Deuterium Oxide-Argon Discharge 

I t  i s  of i n t e r e s t  t o  o b t a i n  f u r t h e r  evidence a s  t o  whether water is a c t u a l l y  involved 
i n  the  r e a c t i o n  with c o a l  t o  form hydrocarbons i n  a d d i t i o n  t o  t h e  production of 
H2 + CO. 
bituminous coa l  in a D20-Ar  mixture was analyzed by t h e  high r e s o l u t i o n  mass 
spectrometer .  A t  a reso lu t ion  of 1 p a r t  in 20,000, p r e c i s e  masses f o r  double ts  and 
i n  some ins tances  t r i p l e t s  t h a t  occurred a t  the  same nominal masses could be used 
t o  i d e n t i f y  completely deutera ted ,  monodeuterated and nondeuteratedl s p e c i e s  present  
in the  product. For example, peaks due t o  C2H2 (mass = 26.0156), C2D (26.0141) and 
CN (26.0031) were observed a t  the nominal mass of 26 and peaks due t o  C2D2 (28.0282), 
N2 (28.0061) and CO (27.9931) were observed a t  the  nominal mass o f  28. The whole 
spectrum up t o  the  nominal mass of 44 contained peaks a t t r i b u t e d  t o  a l l  spec ies  
present  including minor amounts of oxygenated and N-containing compounds, but the  
major products were H2, HD, D 2 ,  C2H2, C2HD, C2D2 and p a r t i a l l y  deutera ted  methanes 
in a d d i t i o n  t o  D20, DHO, H20 and carbon oxides .  Thus i t  is apparent  t h a t  D20 is 
i n i t i a l l y  d i s s o c i a t e d  i n t o  D ,  OD and p o s s i b l y  an active oxygen s p e c i e s  which in 
t u r n  recombine t o  give D20 and D2, or  react with the a c t i v e  spec ies  der ived  from 
c o a l  such as H, CH, C1,  C g  and CO, e t c . ,  t o  g ive  DHO, HD, CO, C02 and deutera ted  
hydrocarbons. 

The gaseous product obtained from t h e  r e a c t i o n  of the  high v o l a t i l e  

CONCLUSIONS 
I n  t h e  microwave discharges of H 2 ,  H20 and A r ,  c o a l  is g a s i f i e d  t o  g i v e  gaseous 
hydrocarbons and carbon oxides  p lus  a s o l i d  product  and r e s i d u a l  c h a r ,  

I is a l s o  produced e i t h e r  by d i s s o c i a t i o n  of  t h e  water vapor or by d e v o l a t i l i z a t i o n  
of the  coal in the  H 2 0  and/or  A t  discharges.  
d i scharge ,  hydrogen is consumed r a t h e r  than produced (except f o r  hvab coal and 
l i g n i t e ) .  The y i e l d  of the  hydrocarbons is h i g h e s t  i n  the hydrogen discharge and 
t h a t  of carbon oxides is highes t  i n  the  water d ischarge .  Both t h e  hydrogen and 

{ the  water discharges g ive  g r e a t e r  e x t e n t s  of g a s i f i c a t i o n  and y i e l d  more hydro- 
carbon products than the  A r  d i scharge ,  i n d i c a t i n g  the occurrence of gas  phase 
r e a c t i o n s  of H, OH, and a c t i v e  oxygen spec ies  wi th  t h e  a c t i v e  s p e c i e s  der ived 
from the  c o a l .  The g a s i f i c a t i o n  of c o a l  in the  w a t e r  d ischarge is o f  p a r t i c u l a r  
i n t e r e s t  because i t  produces H2 + CO ( - 1:l) p lus  C2H2 and CQ. 
conten t  of t h e  l i g n i t e  r e s u l t s  i n  a h igher  y i e l d  of carbon oxides  but  apparent ly  
i n h i b i t s  the hydrocarbon formation i n  the  discharge.  The hydrocarbon y i e l d  from 
the  l i g n i t e  o r  o t h e r  c o a l s  in t h e  hydrogen d ischarge ,  however, can  be increased 
dramat ica l ly  by r a p i d l y  condensing part of the product spec ies  produced, e s p e c i a l l y  

Hydrogen 

But, in most cases in t h e  hydrogen 

/ 
1 
' 
J 

The high oxygen 

,' 
i H20,  dur ing the d ischarge  reac t ion .  

L C2H2 accounts f o r  as nuch as 9ZZ of the  gaseous hydrocarbons produced, and, except ing 
f o r  l i g n i t e ,  the amount of the hydrocarbons is r e l a t e d  t o  the v o l a t i l e  m a t t e r  of coa l .  
The e x t e n t  of n a s i f i c a t i o n .  however. is increased  with the  v o l a t i l e  matter content  
of c o a l  including l i g n i t e .  
of the  species der ived from the  v o l a t i l e  material and o ther  s p e c i e s  p r e s e n t  in  the 
d ischarge ,  another  i n t e r e r t i n g  s tudy would be  t o  employ a flow system in  khich c o a l  
is d e v o l a t i l i z e d  by ordinary means and t h e  evolved gases  are subsequent ly  reac ted  
in a discharge.  

Thus, i f  t h e  hydrocarbons are formed by t h e  recombination 
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